For an ideal hemispherical deflector analyzer ͑HDA͒ utilizing a virtual entry aperture whose size is controlled by an injection lens, the "slit" and angular contributions to the overall base resolution R B are not independent, but constrained by the Helmholtz-Lagrange law. Thus, R B becomes a function of the linear lens magnification ͉M L ͉ and has a minimum, High resolution electron spectroscopy is a technique utilized in many different fields of physics, material science, chemistry, and even medicine. One of the most popular spectrometers in use is the hemispherical deflector analyzer ͑HDA͒ also available commercially from many different high tech companies. Current, modern HDAs are equipped with state-of-the art multielement zoom lens and position sensitive detector ͑PSD͒ 1-5 ͓as for example in electron spectroscopy for chemical analysis ͑ESCA͔͒ and therefore enjoy a very large collection efficiency. The zoom lens focuses the source electrons into the HDA entry, thus increasing the overall collection solid angle. Preretardation, also supplied by the lens, may be used to further improve the overall energy resolution of the entire spectrometer by decelerating the particles from an initial source energy T down to a much lower energy t just prior to HDA entry. In the past, when high resolution HDAs had a much lower throughput ͑no PSD͒ emphasis was primarily given to the optimization of the resolution 6 for highest étendue 7,8 or highest transmitted current.
High resolution electron spectroscopy is a technique utilized in many different fields of physics, material science, chemistry, and even medicine. One of the most popular spectrometers in use is the hemispherical deflector analyzer ͑HDA͒ also available commercially from many different high tech companies. Current, modern HDAs are equipped with state-of-the art multielement zoom lens and position sensitive detector ͑PSD͒ 1-5 ͓as for example in electron spectroscopy for chemical analysis ͑ESCA͔͒ and therefore enjoy a very large collection efficiency. The zoom lens focuses the source electrons into the HDA entry, thus increasing the overall collection solid angle. Preretardation, also supplied by the lens, may be used to further improve the overall energy resolution of the entire spectrometer by decelerating the particles from an initial source energy T down to a much lower energy t just prior to HDA entry. In the past, when high resolution HDAs had a much lower throughput ͑no PSD͒ emphasis was primarily given to the optimization of the resolution 6 for highest étendue 7, 8 or highest transmitted current. 9, 10 However, today, with the existing high throughput of modern ESCA spectrometers, high resolution has become of the outmost importance.
Here, we present a simple and general method for obtaining the theoretical ultimate resolution and associated linear lens magnification of a combined lens-HDA spectrometer. Our results are practical as they are analytic, giving the minimum resolution at the optimal magnification, in terms of basic experimental parameters.
The base energy resolution R B of an HDA is well known to be given by: 6, 11, 14, 15 
where ⌬r and ⌬r 0 are the exit and entry slit widths, respectively, while L is a characteristic length obtained from the HDA dispersion for nominal pass energy t. ␣ m Ã is the maximum angle permitted by the lens-HDA gèometry for the incident HDA entry angle ␣ Ã . In the case where a PSD is used instead of an exit slit, ⌬r is just the PSD position resolution. When a lens is used at the HDA entry, ⌬r 0 becomes the diameter of a virtual aperture, whose size can be adjusted by the lens' linear magnification. In this case, ⌬r 0 and ␣ m Ã are not independent of one another but are reciprocally constrained via the Helmholtz-Lagrange law. Thus, for conjugate object-image pairs of the central ray with T = W and t = w and beam angle 0 = 0, the Helmholtz-Lagrange law 11, 13, 15 requires that:
͉M L ͉ and ͉M ␣ ͉ are the absolute values of the linear and angular lens magnifications, respectively, while d S and ⌬␣ S are the spatial and angular extent ͑pencil half angle͒ of the particle emission at the source as shown in Fig. 1 . In particular, within the paraxial approximation
, where d p and l are the diameter of the entry pupil and its distance from the object ͑source͒ as shown in Fig. 1 .
When preretardation 6, 10 is included in the overall resolu- 
R B is thus seen to be a function of ͉M L ͉ and will have a minimum which can be found by setting ‫ץ‬R B / ‫͉ץ‬M L ͉ =0. This has the simple solution:
As seen in Fig. 2 , the minimum is most pronounced for F = 1 and becomes increasingly more shallow for higher values of F. Both the optimal linear magnification ͉M L ͉ o and resolution R Bo are seen to be functions of the source entry pa- Fig. 1͒ , as well as the usual HDA parameters L , F , ⌬r . This analytic dependence on d S , d p and l, to our knowledge, has never been presented before and should be extremely useful both in the design and performance evaluation of such a lens-HDA system. For the specific spectrometer parameters listed in Table I Fig. 3 . R Bo is seen to drop-off with F, while ͉M L ͉ o increases with F, ranging in values between 0.2 and 2 for F = 1-1500. Such a broad range in the linear magnification can only be provided by a multielectrode lens.
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When ͉M L ͉ Ͼ d 0 / d S , the virtual aperture size ⌬r 0 will exceed d 0 ͑the real aperture size of the HDA entry͒. Then, the number of particles entering the HDA will be less than those entering the lens, i.e., the transmission through the lens will drop below 100% ͑see Fig. 3͒ . However, d 0 is usually much larger than ⌬r 0 , so an attenuation in the transmission will only occur at very high F values at which however, other limiting parameters not considered in our ideal HDA treatment could become important ͑e.g., external magnetic fields, aberrations etc.͒.
For the shape of the transmission function not to be significantly affected by the ␣ m Ã2 term in Eq. ͑1͒, Kuyatt and Simpson 19 have proposed the following criterion for the ratio of the angular to the "slit" term:
͑9͒
If the optimized values for ⌬r 0o and ␣ mo Ã are used in Eq. ͑9͒, the mean optimized ratio o can be computed as:
and always fulfills the Kuyatt-Simpson criterion as seen in Fig. 4 . Thus, the seemingly adhoc value of 1 / 2 in the Kuyatt-Simpson criterion ͓Eq. ͑9͔͒ is seen to arise naturally as the limit of o for F → ϱ. For the specific spectrometer
Experimental measurements of the base resolution ͑com-puted as 2 ϫ FWHM͒, from Auger electron spectroscopy data 18 taken with our spectrometer 16, 18, 20 ͑whose basic parameters are listed in Table I͒ are also shown in Fig. 3 and are seen to be larger than R Bo indicating that the performance of our lens+ HDA has not yet been fully optimized. However, due to geometry restrictions common in such spectrometers, h ϳ 15 mm ͑see Fig. 1͒ rather than h = 0 as assumed in our conventional approach above. In Ref. 17 we give a more general analysis including the case where h , 0 0. For h = 15 mm and 0 = 0, our calculations 17 also included in Fig. 3 are seen to be in much better agreement with the data.
In conclusion, we have presented a simple method for obtaining the optimal base resolution of a hemispherical deflector analyzer, as well as the linear magnification of the associated lens system under the constraints of the Helmholtz-Lagrange law for conjugate object-image pairs. The analytic results obtained can be readily used in the design and performance evaluation of such a spectrometer. Our presentation, for pedagogical reasons, has only considered the simplest possible case, in which both the beam angle 0 and the PSD to HDA exit plane distance h are zero. The more general problem with h , 0 0 can also be solved in the same exact way, the results however, even though analytic, are much more cumbersome. 17 Our method can in principle be extended with some modifications to include all particle spectrometers utilizing a virtual entry slit whose size is controlled by a lens and should therefore be of general interest to the spectroscopy community at large.
